Abstract. Soil amendment with biochar is thought to confer multiple benefits to plants including induction of systemic resistance to plant pathogens. Pathogens in the genus Phytophthora cause damaging diseases of woody species throughout the world. The objective of this study was to test 1) whether biochar amendment induces resistance to canker causing Phytophthora pathogens; and 2) how this resistance is related to the amount of biochar amendment in two common landscape tree species: Quercus rubra (L.) and Acer rubrum (L.). Seedlings of Q. rubra and A. rubrum were planted in peatmoss-based potting mix uniformly amended with 0%, 5%, 10%, or 20% biochar by volume. Plants in each treatment group were stem wound-inoculated with an isolate of Phytophthora cinnamomi Rands (host: Q. rubra) or P. cactorum (Leb. and Cohn) Schröeter (host: A. rubrum) using standard agar-plug inoculation procedures. Amendment of potting media with 5% biochar reduced horizontal expansion of lesions in both hosts, whereas the same treatment significantly reduced vertical expansion of lesions in A. rubrum (P < 0.05). In addition, 5% biochar resulted in a higher midday stem water potential in Q. rubra (P = 0.066) and significantly greater stem biomass in A. rubrum compared with inoculated control plants (0% biochar, P < 0.05). Our results suggest that biochar amendment has the potential to alleviate disease progression and physiological stress caused by Phytophthora canker pathogens and there is likely an optimal level of biochar incorporation into the root media beyond which the effects may be less pronounced.
Plant diseases caused by organisms in the genus Phytophthora negatively impact nursery stock, field crops, tree crops, and forest systems (Erwin and Ribeiro, 1996; Hansen et al., 2008) . Phytophthora diseases are also widespread and damaging to woody plants that are commonly found in managed landscapes. In trees, Phytophthora pathogens can cause fine root disease, root collar or crown rots, and trunk or stem lesions that are often referred to as ''bleeding cankers'' (Erwin and Ribeiro, 1996) . Physiologically, stem canker-causing Phytophthora species (e.g., P. cinnamomi and P. cactorum) are known to kill phloem, leading to plant death through girdling, and also to colonize and block xylem, leading to altered plant water relations (Brown and Brasier, 2007) .
Chemical and non-chemical management options are increasingly being sought to preserve valuable infected specimen trees and protect non-infected hosts. Chemical products containing phosphorous acids or derivatives have often been found most effective and are widely recommended for use against Phytophthora bleeding cankers (Garbelotto et al., 2009; Weiland et al., 2009) . Systemic induced resistance (SIR) is the mechanism underlying Phytophthora disease reduction or prevention after treatment with phosphorous acids (Daniel and Guest, 2006; Daniel et al., 2005; Jackson et al., 2000) . As a systemic treatment, this material has also been effective in reducing plant damage caused by several fungal pathogens (Agostini et al., 2003; Elliott and Edmonds, 2008; Percival and Noviss, 2010) .
Recently, Elad et al. (2010) showed that incorporation of biochar into potting mix of pepper (Capsicum annuum cv. Maccabi) and tomato (Lycopersicum esculentum cv. 1402) reduced the disease severity caused by two foliar pathogens and damage from a broad mite pest . In addition, Harel et al. (2012) showed that incorporation of biochar reduced the damage caused by three foliar pathogens of strawberry (Fragaria 3ananassa cv. Yael). Results in both studies were attributed to biochar-induced systemic resistance resulting from the reduction in disease caused by pathogens exhibiting both necrotrophic and biotrophic strategies and reduction of damage caused by an arthropod pest. These effects may have been caused by direct interactions between the plant and the biochar or may be the result of biochar-related alterations in the soil microbial community Kolton et al., 2011; Warnock et al., 2007) . If SIR was the cause of the observed decrease in disease severity, similar results may be possible in defense against Phytophthora pathogens. The potential for biochar incorporation as a disease management option has only recently been suggested and research to date is limited Lehmann et al., 2011) .
The objective of the present study was to determine if biochar amendment of a soilless potting media can reduce the development and impact of stem lesions caused by Phytophthora spp. on common nursery and landscape hosts and to determine if an optimal rate of biochar amendment exists beyond which benefits are reduced. By testing an aboveground disease and providing all plants with ample nutrients and moisture, any reduction in disease severity resulting from biochar incorporation can reasonably be attributed to an increased systemic resistance in the plant rather than a direct effect of biochar on the pathogen. Separate experiments on two host-pathogen systems were conducted to test the hypothesis of induced resistance and to determine the potential effectiveness for this soil amendment treatment on two combinations of plant host and Phytophthora pathogen.
Materials and Methods
Treatments. Treatments consisted of varying levels of biochar amendment by volume to potting mix (5%, 10%, 20%, or 0% control) in inoculated plants in both experiments, a noninoculated control (no biochar amendment) in the maple experiment and a chemically treated and inoculated treatment (no biochar amendment) in the maple experiment. In the non-amended treatments, inoculated plants growing in 0% biochar amended potting mix are referred to as 0%+, whereas non-inoculated plants growing in 0% biochar are referred to as 0%-. The chemically treated seedlings were planted in potting mix without biochar and each pot was drenched with 1 pint (473 mL) Agrifos Ò (mono-and dipotassium salts of phosphorous acid; Liquid Fertiliser Pty. Ltd., Queensland, Australia) 6 d before inoculation according to labeled rates for ornamental applications (0.3549 L per 378.54 L of water).
The biochar used in this experiment was produced from pine parent material (Pinus taeda, P. palustris, P. echinata, P. elliotti), which was pyrolyzed for 1 h between temperatures of 550 and 600°C in a pyro-torrefaction style kiln. The biochar was ground to create particle sizes between four and six mesh. The biochar contained (% dry weight): 1.0% mobile carbon (C), 63.1% resident C, 0.1% mobile nitrogen (N All plants were monitored daily, watered by hand as needed to maintain near-constant field capacity conditions, and fertilized weekly with Hoagland's #2 nutrient solution mixed at half strength as described in Kinmonth-Schultz and Kim (2011) .
Pathogens. The isolates of P. cactorum and P. cinnamomi used in this experiment were isolated through direct plating of phloem tissue from the margin of necrotic lesions that were associated with symptoms of ''bleeding cankers'' typical of Phytophthora spp. infections on a red maple (Acer rubrum, Indian Land, SC) and shingle oak (Quercus imbricaria, Washington Park Arboretum, Seattle, WA), respectively. The isolates were identified by morphology, and identification of the P. cinnamomi isolate was confirmed at the University of Washington DNA Sequencing Facility based on the ITS-1 and ITS-2 rRNA subunits using polymerase chain reaction techniques.
Inoculation. A stem wound technique was used to introduce the pathogen into seedlings of both plant species in the inoculated treatments.
A 5-mm diameter disc of bark and phloem was removed from the lower stem using a sterile cork borer and razor blade. Immediately after wound creation, a 5-mm diameter agar plug was taken from the margin of an actively growing colony of the pathogen and placed on the wound with the upper surface facing inward. A sterile agar plug was placed on the wound of noninoculated control treatments. All inoculation sites were immediately wrapped with moist sterile gauze followed by a layer of parafilm to maintain adequate moisture for infection and then covered with a layer of aluminum foil to exclude light.
Cultures of both pathogens were isolated and maintained in the dark on a clarified V8 juice agar selective for the culture of oomycete organisms (Jeffers and Martin, 1986) .
Resistance assessment. Lesion size, stem water potential (oak only), and biomass were assessed at harvest, which took place 108 d after inoculation in the maple experiment and 65 d after inoculation in the oak experiment.
Vertical and horizontal advance of the pathogen, as evidenced by expansion of the necrotic lesion, was measured at the conclusion of the experiment. Lesion measurements were made at the edge of discolored, intact bark tissue. Vertical expansion was recorded as total length of the necrotic region, and horizontal expansion was recorded as the percentage of stem circumference girdled by the necroses. Removal of bark and examination of necrotic phloem tissue confirmed that the margin of discolored bark was indicative of the margin of the underlying necrotic lesion originating from the original inoculation point. After harvest, five plants from each treatment group were assessed to confirm pathogen colonization. Tissue from the margin of the necrosis was placed on PARP-V8 agar (Jeffers and Martin, 1986 ) and colony identity was verified morphologically.
At the conclusion of the trial after lesion measurements and reisolation, all seedlings were dried at 65°C for at least 72 h. Root and stem portions were separated and weighed. Leaf weight was not included because senescence and dropping of leaves during the course of the experiment occurred but were not recorded.
Stem water potential. In the oak experiment, midday stem water potential was determined at the conclusion of the experiment (18 Aug., 2011, 1300 to 1430) to assess the effects on plant water relations caused by colonization of xylem by the pathogen. A Scholander-type pressure chamber was used for this purpose (PMS Instrument Company, Albany, OR). The terminal 10 to 15 cm of each seedling was cut with a sharp razor blade and water potential measurements were made immediately. After measurements, the plant portion used in this analysis was included in the biomass measurements.
Statistical analysis. All statistical analyses were conducted using SigmaPlot 12.0 for windows statistical software (Systat Software Inc., San Jose, CA). The Type I error rate (a) was set at 0.05 for all treatment comparisons. Lesion size, biomass, and stem water potential were analyzed by one-way analysis of variance (ANOVA) with soil treatment (biochar amendment or chemical) as the main factor. When data failed the Shapiro-Wilk test for normality, treatment group means were compared using the Kruskal-Wallis ANOVA on ranks with soil treatment as the main factor. Means of treatment groups were compared using the Student-Newman-Keuls method in the case of equal sample sizes (maple) and using Dunn's method for unequal sample sizes (oak). Each treatment group was comprised of 20 seedlings in the maple experiment and 14 or 15 seedlings in the oak experiment.
Results
Attempts to reisolate Phytophthora cactorum and P. cinnamomi from margins of necrotic lesions were successful in all cases in which necrosis was evident. P. cactorum was not isolated from any non-inoculated plants. P. cactorum was isolated from chemically treated and inoculated plants when necrosis was evident (nine of 20 plants) but was not isolated from plants where no necrosis had developed. In the following sections, treatment groups are identified by the level of biochar amendment or as a chemical treatment (Chem). All biochar-amended plants and all chemically treated plants were inoculated.
Maple experiment
Lesion expansion. Data for vertical and horizontal expansion of necrotic lesions in the maple experiment failed the Shapiro-Wilk test for normality; therefore, treatment group means were compared using the Kruskal-Wallis oneway ANOVA on ranks. Treatment had a significant effect on lesion expansion; differences in means among treatment groups for both vertical and horizontal expansion were greater than would be expected by chance (P < 0.001). The Student-Newman-Keuls method was used for multiple comparisons to isolate differences between treatment groups (P # 0.05). No necrotic lesions developed on non-inoculated plants (0%-) and callus tissue had overgrown all wound sites (data not shown). Compared with the inoculated plants with no biochar amendment (0%+), incorporation of 5% biochar significantly reduced vertical lesion expansion and the percentage of the stem circumference that was girdled by necrosis (Fig. 1) . Amendment with 10% biochar significantly reduced horizontal expansion of lesions compared with inoculated control plants, whereas amendment with 20% biochar increased horizontal expansion of lesions compared with inoculated control (Fig. 1A) . Amendment of potting mix with 10% or 20% biochar did not significantly affect lesion vertical expansion compared with 0%+ (Fig. 1B) . Mean lesion expansion in chemically treated plants was significantly reduced compared with all other inoculated treatment, both vertically and horizontally, although some necrosis did develop on nine of 20 plants (Fig. 1) , causing significant differences in mean lesion expansion compared with the non-inoculated control in which no lesions developed (not shown).
DISEASE AND PEST MANAGEMENT
Biomass production. Final dry biomass data in the maple experiment were normally distributed (Shapiro-Wilk, P = 0.538) and treatment groups were equal in variance (P = 0.328). Analysis of variance indicated a significant effect of treatment on stem, root, and total dry biomass (P < 0.001). Non-inoculated plants (0%-) produced significantly more total biomass than any inoculated treatment. Inoculated plants that were chemically treated (Chem) produced significantly more total mean biomass than 0%+, 10%, and 20% plants, but total mean biomass of chemically treated plants was not significantly different from the inoculated plants growing in 5% biochar amendment (Fig. 2) . Amendment with 5% biochar significantly increased total mean biomass production compared with 10% and 20% treatments, but not compared with 0%+.
When taken alone, biomass of stems revealed greater differences among treatments. Variability in root weights was greater than in stem weights, and the growth of all root systems had been altered by contact with the pot edges by the end of the experiment. For stem biomass, non-inoculated plants (0%-) produced significantly more biomass than any inoculated treatment group. Inoculated plants that were chemically treated produced less stem biomass than the 0%-treatment but produced significantly more than any other inoculated treatment. Compared with the inoculated control (0%+), amendment of potting mix with 5% biochar significantly increased stem biomass. Mean stem biomass of plants receiving the 10% or 20% treatments was not significantly different from each other, but both treatment groups produced significantly less mean stem biomass than the other treatments (Fig. 2) .
Oak experiment
Lesion expansion. In the oak experiment, data for both vertical and horizontal lesion expansion failed the Shapiro-Wilk test for normality; therefore, means were compared using the Kruskal-Wallis ANOVA on ranks with soil treatment as the main factor. No significant difference was found between treatments group means for vertical lesion expansion (P = 0.311; Table 1 ); however, mean values for this parameter in oak followed the same general trends as in the maple experiment. Also, when compared individually with the control, amendment with 5% biochar showed a strong trend toward reduction of lesion vertical expansion (t test, P = 0.094). Significant differences did exist between treatments for horizontal lesion expansion (P = 0.002) in the oak experiment, and multiple comparisons were made using Dunn's method as a result of the unequal sample sizes resulting from disruption by wildlife, which involved birds removing labels or whole plants from pots. Incorporation of 5% biochar in the oak experiment significantly reduced horizontal expansion of lesions compared with all other treatments (P # 0.05). No significant differences existed in horizontal lesion expansion among the 0%+, 10%, or 20% treatments.
Dry biomass production. In the oak experiment, neither total biomass nor aboveground biomass data were normally distributed and were therefore compared using the KruskalWallis ANOVA on ranks. No significant differences existed between treatment group means for total biomass (P = 0.611) or for mean stem biomass (P = 0.602).
Midday stem water potential. In the oak experiment, data for midday stem water potential were not normally distributed (P < 0.05, Shapiro-Wilk test); means from each treatment group were compared using the KruskalWallis ANOVA on ranks. Differences between treatment groups were marginally significant (P = 0.066) based on this test. Five percent biochar amendment resulted in the least negative mean value for stem water potential (-0.457 MPa) followed by the 10% treatment and the 0%+ treatment, which were nearly the same (-0.527 MPa and -0.528 MPa, respectively). The mean stem water potential in the 20% treatment (-0.561 MPa) was the most negative (Table 1) .
Discussion
Overall, amendment of potting mix with 5% biochar resulted in reduced lesion expansion and greater stem biomass when compared with plants growing in media that was not amended or amended with 10% or 20% biochar (v/v). Biologically, the horizontal expansion of lesions, leading to the complete girdling of phloem in stems, probably has a greater effect on overall plant health than vertical expansion, which would not completely girdle the stem, and this parameter showed some of the greatest differences between treatments. Although non-significant at P # 0.05, the trends seen in stem water potential data from the oak experiment are also of interest. Visual inspection of discolored tissue indicated that the pathogen had colonized xylem tissue in addition to causing phloem necrosis, and the water potential data support this observation because the smallest lesion sizes and least negative water potentials both occurred in the 5% treatment, indicating a potential physical blockage hindering the movement of water. The degree of potential xylem vessel blockage in this study appears to be similar to or less than the xylem blockage resulting from other physical damages such as stem bending (Kim et al., 2004) . Previous studies have also shown xylem colonization and blockage in woody stems caused by various Phytophthora pathogens (Brown and Brasier, 2007; Parke and Lewis, 2007) . Amendment of potting media with 5% biochar did not prevent lesion development or increase biomass as well as treatment with salts of phosphorous acid, a material known to induce resistance against Phytophthora spp. (Daniel and Guest, 2006; Daniel et al., 2005; Garbelotto et al., 2009; Jackson et al., 2000; Weiland et al., 2009) . However, based on this study and previous studies involving other pathogen/host combinations Harel et al., 2012) , it appears that amendment of rooting media with 5% biochar has the potential to induce some level of resistance against a wide range of pathogens. The experiment using red oak (Quercus rubra) and Phytophthora cinnamomi resulted in comparable, although often non-significant, trends compared with the experiment using red maple (Acer rubrum). In the oak experiment, disruptions of the plots by wildlife led to a loss of 20% to 25% of treatment replicates. Although many of the parameters under investigation followed similar trends between the maple and oak experiments, the reduction of statistical power in the oak experiment resulting from loss of plants reduced the potential significance of differences in means among treatment groups in that experiment. Despite the lack of significance for some parameters, the similar results from each experiment suggest promising potential for this soil amendment to benefit other pathosystems involving woody plants and pathogens in the genus Phytophthora.
There are many mechanisms by which biochar amendment may lead to increased resistance to plant disease, including increase in overall plant vigor, increased nutrient availability, alteration of soil pH, altered soil moisture, increase in mycorrhizal associations or other beneficial rhizosphere microorganisms, and changes in soil physical properties (Glaser and Zech, 2002; Ishii and Kadoya, 1994; Kolton et al., 2011; Lehmann et al., 2011; Novak et al., 2009; Warnock et al., 2007) . Effects of biochar amendment on soil pH, soil drainage, soil physical properties, and microbial communities may directly impact Phytophthora spp. in soil. However, the experiments described here were designed to eliminate any direct effects on the pathogen caused by soil physical, chemical, or microbial properties through inoculation of above-soil stem tissue. Effects of soil physical or chemical properties on resistance were controlled for through provision of plants with ample moisture and nutrients in horticultural growth media. Based on this design, the results here are indicative of a systemic response and are in agreement with previous research that showed a reduction in damage caused by foliar plant diseases in multiple host plants after incorporation of biochar into various media Harel et al., 2012) . In those pioneering studies, the authors concluded that the induced resistance may have been the result of an increase in beneficial soil microorganisms, elicitation of plant defense responses after stress to the plant caused by low-level phytotoxic compounds in the biochar material, or chemical elicitors.
Although the present study does not explicitly support one potential mechanism or another, based on the apparent dose-dependency of the results, induction of defense through low-level stress appears to be a likely possibility. Although amendment of media with 5% biochar did reduce lesion size and increase biomass compared with the untreated control group, higher rates were not beneficial and in some cases appeared to become detrimental. This would appear to support the concept of hormesis, i.e., that low levels of phytotoxic compounds can stimulate growth or defense in plants Prithiviraj et al., 2007) . Further studies that investigate other key physiological aspects including carbon assimilation, production of defense compounds, photosynthetic efficiency, and foliar starch content will be needed to unveil the mechanisms responsible for the reduction of lesion development and increase in biomass production. A decrease in stomatal conductance, carbon assimilation, and photochemical efficiency after infection with canker-causing Phytophthora species has been attributed to several factors in previous studies. Impaired water movement in xylem and subsequent drought stress (Luque et al., 1999) , pathogenderived chemical elicitors (Fleischmann et al., 2005; Manter et al., 2007) , or a feedback inhibition caused by starch accumulation in foliage as a result of dead or non-functional phloem (Clemenz et al., 2008) have all been implicated as the main causes for the effects of inoculation on carbon assimilation. Although we have shown a reduction in disease progression with biochar amendment, our data do not explicitly support or negate any of these potential mechanisms.
Here we have shown that amendment of potting media with 5% biochar can reduce the expansion of necrotic lesions caused by Phytophthora spp. in seedlings of two common landscape tree species. In addition, we have shown an apparent dose-dependency of the benefits of biochar amendment, because amendment of potting mix with 5% biochar limited disease development but increased levels (10% and 20%) caused no change or had deleterious effects on the parameters under investigation.
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